A prototype micro-thermoelectric power generator (micro-TEG) system based on micro-combustion concept has been developed and presented here. The system consists of Bismuth-Telluride based thermoelectric modules mounted on a 0.5 cm 3 volume microcombustor. The hot combustion gases from the microcombustor are allowed to flow in reverse direction through a heating cup to maximize the heat transfer from hot combustion products to thermoelectric modules. The system delivers a maximum power of 2.35 W with a fuel (propane) flow rate of 3.98 g/h. Maximum power is achieved at a voltage of 4.34 V, current 0.54 A with a maximum conversion efficiency of 4.58%. The system generates electric power with an improvement of over 83% in energy conversion efficiency over existing micro-TEG systems.
An increasing trend toward the development and miniaturization of various mechanical and electromechanical systems has been observed to improve the quality of daily life. The miniaturization of these devices such as tablets, computers, micro-airplanes, and micro-pumps is limited due to the weight of available power systems, i.e., electrochemical batteries.
1-3 Due to lower power density of electrochemical batteries, they occupy significant fraction of both mass and volume of the entire device. These micro devices suffer from short operation cycles due to longer battery charging times, replacement, and recycling issues. 2 To reduce the overall weight of these MEMS (micro-electromechanical systems) systems, there is a need to develop micro scale power generating systems with a typical power range of 0.1-20 W. 4 Due to higher energy densities of hydrocarbon fuels (20-50 times), it is possible to develop efficient combustion based devices as attractive technological alternatives if efficient methods/devices/configurations are proposed to convert the chemical energy released from these fuels to electric power. 3, 4 Many concepts have been proposed to convert the heat energy released from combustion to electrical power such as Micro-gas turbine engines, 1,5 Wankel engines, 3 micro thermoelectric, [6] [7] [8] [9] [10] [11] and micro thermophotovoltaic systems. [12] [13] [14] The performance of many of these systems deteriorates due to high surface-area to volume ratio which increases the heat-loss from microcombustor to surroundings. However, the increased heat-loss from microcombustor walls is advantageous towards the design of non-mechanical power generators, such as thermophotovoltaics (TPV) and thermoelectrics (thermoelectric power generator, TEG), and expected to help improve their overall energy conversion efficiency.
Many researchers have invested significant efforts towards the development of such systems using the concept of thermophotovoltaics. [12] [13] [14] Recently, Park et al. 12 and Lee et al. 13 have achieved an overall conversion efficiency of 2.1% and 2.3% using TPV concept with propane-air mixture in a micro combustor. Chan et al. 8 and Marton et al. 9, 10 reported an overall efficiency of 2.5% using a catalyst based microcombustor and Bismuth-Telluride based thermoelectric modules. All other concepts reported in literature show conversion efficiencies less than 2%. A prototype micro-TEG system is built and tested in the Combustion Research Laboratory at IIT Bombay. The concept of micro-TEG is used along with a multi-step microcombustor employed for converting chemical energy of the fuel into heat. 15 A schematic diagram of a three step micro combustor is shown in Fig. 1(a) . Premixed fuel-air mixture is supplied to the microcombustor and flame is stabilized at a particular location depending on mixture equivalence ratio and flow velocity (thermal energy input to microcombustor). The hot combustion products transfer a significant amount of heat to combustor walls and heating cup. Thermoelectric modules are mounted on the top of the heating cup as shown in Fig. 1(b) . Heat is transferred from the outer walls of the heating cup to thermoelectric modules and a part of the transferred heat is converted to electric power due to Seebeck Effect. The electrical circuit (schematic shown in Fig. 1(c) ) consists of TE modules and adjustable Ohmic resistors which serve as a variable resistive load to the modules. The value of the Ohmic resistance is varied from 4 to 24 X and the voltage drop across the load is measured and recorded using a data acquisition system. are connected either in series or parallel. The power produced by the thermoelectric modules was calculated as the square of the measured voltage drop divided by the known Ohmic resistance. The accuracy of measured power is further confirmed through the measurement of the current using a shunt resistance and output power calculated as the product of the measured voltage drop across the load resistor and the current.
Micro combustor is a critical component of this setup which converts the chemical energy stored in the fuel to heat energy supplied to thermoelectric modules without any catalytic reactions. Significant amount of work has been carried out in the laboratory earlier to understand the flame stabilization behavior in these microcombustors. 15 Air and fuel mass flow rates are controlled through a command module using two precise electric mass flow controllers (0.5 LPM (liters per minute) for fuel and 1.0 LPM range for air with an accuracy of 61%). Temperature profile along the hot and cold side of the module is measured using 0.5 mm diameter k-type thermocouples. The corrected temperatures are accurate within 61% of the actual reading.
It was observed that heat recirculation due to reverse flow through heating cup helps in improving the flame stability limits and heat transfer to thermoelectric modules. The heating cup, on which thermo-electric modules are mounted, is fabricated using aluminum material. High thermal conductivity of aluminum material ensures uniform temperature distribution on the contact surface of the module. Outer dimensions of the heating cup are decided by the dimensions of the thermoelectric module (HZ-2). Four 29 mm Â 29 mm thermoelectric modules (HZ-2, highest permissible temperature 250 C) are connected in series. An electric power generator with smaller dimensions can be developed if smaller size thermoelectric modules are made commercially available. To improve the performance of the system, a compact water cooled heat sink is attached to cold side of the thermoelectric modules as shown in Fig. 1(b) . Fig. 2 shows the lower flame stability limits for the microcombustor with propane as fuel. It is clear from figure that flame can be stabilized even for very small flow rates, when a heating cup is used to enhance the heat recirculation from hot combustion products to fresh incoming reactants. The minimum thermal input to the microcombustor is $1.1 W at an equivalence ratio of U ¼ 0.5, as shown in Fig. 2 . A stable combustion is achieved for a range of mixture conditions varying from U ¼ 0.5 to U ¼ 1.5. No upper flame stability limit was observed even when the combustor was operated at a mixture flow rate 50-80 times higher (10 m/s flow velocity) than the lower flame stability limits indicating a wide operating range of the system. Fig. 3 shows the variation of the outer wall temperature of the heating cup which indicates that wall temperature is a function of mixture velocity. For instance, a wall temperature of 250 C (maximum allowable temperature limit for TEG modules) is reached at a flow velocity of 4.5 m/s for single module configuration. However, when the number of modules is increased in the setup, wall temperature is much lower because increased amount of heat is transferred through all TEG modules. This results in increased electric power output and lower wall temperatures for these multimodule configurations. A lower wall temperature for these multi-module configurations implies that the system can be safely operated even at higher power levels. Fig. 4 shows the variation of the electric power output at different flow rate conditions with a variable load resistance for a four module configuration. It is clear from figure that the power output changes with a change in the load resistance across the module. A maximum power is achieved for a load resistance of 8 X across the modules. An increase in the total energy input to the system leads to an increase in electric power output as shown in the figure.
Fig . 5 shows the variation of the maximum power extracted using a maximum power point tracking from conditions, shown in Fig. 4 , for various single and multi-module configurations applied to the current system. The electric power output increases with an increase in the number of modules attached to the system. A maximum power of 2.35 W is generated when four modules are attached to the system and overall power output decreases with a decrease in the mixture flow velocity (energy input). Similarly, the peak power output from the micro-TEG generator increases with an increase in the energy input to the system. An increase in the energy input increases the mean temperature on the hotter side thereby increasing the power output. Fig. 6 shows the variation of overall energy conversion efficiency with mixture velocity and total energy input to the micro-TEG system. An overall efficiency of 1.3% is achieved with single module and it increases to 2.56% when two modules are attached to the system. Overall conversion efficiency further increases to 4.58% at higher energy inputs when four modules are attached to micro-TEG system, as shown in Fig. 6 . The improvement in efficiency is significantly (83% improvement) higher than other systems such as TPVs [12] [13] [14] and TEGs [8] [9] [10] [11] developed and targeted for similar applications. A detailed energy balance analysis was carried out for upper and lower operating conditions with two and four module configurations of the proposed TEG system. A brief summary of the energy balance analysis is given in Table I . It is clear from Table I that significant heat loss occurs through exhaust gases (Q exhaust ) and continues to be a major part (>60%) in energy balance irrespective of the configuration (two or four module) considered in the present system. Heat rejected by the thermoelectric modules to the sink (Q sink ) is $20% and it increases to $25% with an increase in the power output from the modules. The heat loss from other parts (Q loss ) remains relatively unchanged irrespective of the operating condition and module configuration. The energy conversion efficiency is a strong function of configuration, mixture flow rate, and load resistance in electrical circuit.
In summary, a prototype micro-thermoelectric power generator has been developed and presented in this letter. The system consists of a microcombustor of 0.5 cm 3 volume at the center with a reverse flow configuration to improve heat recirculation from hot combustion products to the thermoelectric modules. The system is operated with a fuel (propane) flow rate of 3.98 g/h (55 mLPM) at an equivalence ratio of U ¼ 0.8. The system delivers a maximum electric power of 2.35 W with a voltage of 4.34 V and a current of 0.54 A at 8 X load resistance across the system. The prototype system proposed using a micro-TEG will make it possible for us to replace electrochemical batteries with these micro power generators in various MEMS devices in the near future. This will be an interesting configuration to further improve the performance and conversion efficiency of the micro power generating devices. TABLE I. Summary of energy balance for various operating conditions: Q in -Total thermal input, Q exhaust -Heat loss through exhaust, Q loss -Heat loss through various uncovered sides of the system, Q sink -Heat loss through sink, P electric -Electric power generated. The numbers in parentheses show respective percentage contribution of various terms. 
